Wheat plants (Triticum aestivum L.) Tillering in grasses is affected not only by radiation quantity but also by its quality, or SED3, which affects the activity of at least two plant photoreceptors, the blue light receptor(s) and phytochrome (1-3, 9, 10, 16, 19). The characteristic SED of the radiation source determines the activity of each photoreceptor. Responses to blue light, for example, appear to be controlled by the absolute amount of blue light (400-500 nm) received by the plant. Phytochrome responses, on the other hand, are controlled by the ratio of the amount of phytochrome in the active form (Pfr) to the total amount of phytochrome (PtotaI), or Ptr/PtotjI ('P). This ratio ((P) in the plant can be predicted from the SED of the radiation source. Past research has relied mainly on an approximation of'P, called the v ratio, which is based on the relative amounts of radiation at the peak absorption wavelengths for each form of phytochrome, generally considered to be centered around 660 nm for Pr and 730 nm for Pfr. However, exact values for these peak absorbances can vary, and different researchers have used v to represent a range of ratios (5, 7, 11, 17, 20, 26) . In this paper, v represents the ratio of radiation at 660:730 nm unless otherwise specified.
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Holmes and Smith (17, 25) characterized the relationship between v and 'P for several natural and artificial radiation sources. They found that values for 'P increased from a minimum of 0.04 to about 0.54 (typical sunlight 'P) for corresponding v values of 0.05 and 1.15 (typical sunlight t), respectively. For v values from approximately 1.15 to 16, 'P values asymptotically approached a maximum of about 0.75.
Investigations of the effect of different v ratios on tillering have mainly centered on the manipulation of v by irradiating plants with different artificial sources or by adding supplemental R or FR radiation to create v ratios higher or lower than sunlight. Casal et al. (5) exposed Lolium multiflorum (annual ryegrass) to red:far-red ratios (650:725 nm) of 1.62 and 0.84. The relative tillering rate in the lower r treatment (D = 0.84) was reduced by half in vegetative plants and by one-third in plants that reached the reproductive stage; mean tiller number was reduced by 30%. In a later experiment, Casal et al. (8) found that reducing v from 1.44 to 0.62 again resulted in large reductions in tillering (from 24 to 14 tillers per plant), but as v was further reduced to 0.03, the number of tillers produced increased (from 14 to 19) . Deregibus et al. (11) altered s (650:725 nm) by adding R with light-emitting diodes at the base of Paspalum dilitatum Poir. and Sporobolus indicus (L.) R. Br. plants. They found that increasing this red:far-red ratio to twice that of sunlight (from 1.1 to 2.2) significantly increased tiller number in P. dilitatum (from 15 to 45) but not in S. indicus. Kasperbauer and Karlen (20) found that wheat tiller number decreased only slightly from 7.5 and 7.1 in response to a large decrease in v (645:735 nm) from 5.0 to 1.5.
Lower v ratios in dense canopies due to natural filtration by leaves (shading) appear to have the same effect as lower r ratios artificially created by manipulation of 'P in controlled environments. Lowering of v by either means results in the morphological responses of increased stem elongation (17, 18, 24, 26) and reduced tillering (6, 20 x 100 mm) and germinated at 23°C in a multisectioned, controlled-environment growth chamber. All plants in trials 1 to 3 were cv Fielder. In trials 4 and 5, 10 plants were cv Veery 10 and 10 were cv Yecora Rojo.
All sections of the growth chamber were connected to a common air-conditioning system; therefore, CO, concentration, humidity, and temperature were nearly identical. Peter's 20-5-30).
Spectral Treatments
In trials 1 and 2, two 'P treatments with nearly identical total PPF (200 ,umol m-2 s-') were created. Plants in the control treatment were grown under white light ('P = 0.81) from a 400-W MH lamp (Sylvania) passing through a 5-cm water bath and 9-mm Plexiglas barrier (Dupont Lucite acrylic). Plants in the reduced 'P (0.55) treatment were exposed to radiation from a 1000-W MH lamp (Sylvania) and two 500-W incandescent spotlights filtered as above and additionally filtered through a light blue (Rosco R64 "Light Steel Blue") filter (creating a P = 0.55). In addition, three levels of radiation intensity (PPF = 100, 200, and 400 ,Amol m-2 s-') were created in three separate sections of the growth chamber with 1000-W HPS lamps filtered through a 5-cm chilled water bath and 9 mm of Plexiglas and additionally filtered through layers of black neutral density screen to uniformly reduce PPF to the appropriate level. All HPS treatments created the same 'P (0.85).
In trials 3, 4, and 5, three 'P treatments were tested. Two of these were the same as in trial 1 ('P = 0.81 and 0.55). One additional reduced 'P treatment was created by exposing plants to radiation from two 1000-W MH lamps (Sylvania) and three 500-W incandescent spotlights filtered through water and Plexiglas as described above and additionally filtered through a dark blue (Rosco R80 "Primary Blue") filter, creating a 'P of 0.33 with a total PPF of 200 ,umol m-2 s-'. HPS lamps and different radiation intensities were not tested in trials 3 to 5.
Radiation Measurements
Measurements of PPF and 'P were made at the top of the plant canopy in each section. PPF was measured every 3 to 5 d throughout each trial. The height of plant trays was adjusted to maintain the appropriate PPF intensity at the canopy top. 'P values were determined with a computer-driven spectroradiometer (Hewlett-Packard model HP-85 computer and an Optronics model 740 A spectroradiometer) using the method of Sager et al. (23) . PPF and the relative contribution of blue photons to total PAR in each treatment were determined from the same spectroradiometric data. PPF data were corroborated with a quantum sensor (Li-Cor Inc., model LI- 
RESULTS AND DISCUSSION Effect of Radiation Intensity
Increased levels of PPF resulted in increased numbers of tillers produced ( Fig. 1 ) and increased amounts of dry mass accumulated (Fig. 2) , which is in agreement with the findings of Friend et al. (13) . Tillering data are similar to the results of Evans et al. (12), who found that tiller number increased linearly with increasing solar radiation. Plants grown in the reduced P treatments produced fewer tillers than would be predicted by irradiance alone (Fig. 1) . To determine whether this effect was due to reduced SP or to some other cause, we compared dry-mass accumulation for all treatments tested and found dry mass to be a linear function of PPF intensity (Fig. 2 , data shown are for trial 2 only). Plants grown in the reduced P treatment, therefore, did not accumulate more dry mass in response to PPF than did plants grown in other treatments. The data in Figures 1 and 2 , and previous research (13) , also indicate that dry mass was positively correlated with tiller production; i.e. larger plants produced more tillers (Fig.  3) . This was true for all treatments in trials 1 to 3, except for 4 20 4 
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O 12 S-8 the reduced (P treatments, which produced fewer tillers than would be predicted on the basis of dry-mass accumulation (determined by analysis of variance: F = 9.76, P < 0.05). These results suggest that the observed reductions in tillering cannot be attributed to differences in either irradiance or plant size and thus are assumed to be a photomorphogenic effect mediated by phytochrome. Increasing irradiance also resulted in an increase in the development ofthe main culm (Haun stage), which confirmed the findings of Friend et al. (13) . Plants exposed to lower 'P increased their rate of main culm development more than would be predicted by PPF alone (Fig. 4) .
Haun stage was reduced more rapidly at lower PPF levels (Fig. 4) . This may be because development at low PPF is Our results for very low 'P, however, are substantially different from those of Casal et al. (8) , who found an increase in tillering with v reductions <0.62 (similar to 'P of about 0.53). Lower 'P (which simulates deep shading) should result in an additional reduction in tillering. The increase in tillering with lower v (hence, lower P), found by Casal et al. (8) , is difficult to interpret, and this discrepancy was not addressed in their manuscript. The effect of reducing 'P from 0.55 to 0.33 was less significant in our study (27% tillering reduction, P < 0. 1) than the initial reduction from 0.81 to 0.55 (47% tillering reduction, P < 0.01), but the response is in the expected direction.
Of the three cultivars tested, cv Veery 10 tended to tiller less than cv Yecora Rojo and cv Fielder in all treatments. Surprisingly, cv Fielder, which was selected for this study because of its high tillering rate, tillered about the same as cv Yecora Rojo, a typically low tillering cultivar (Fig. 5) .
Effect of Reduced (P on Leaf Extension
Leaf sheath and lamina length were measured for cv Veery 10 and cv Yecora Rojo in trials 4 and 5. The reduction in 'P did not affect leaf lamina length in either cultivar tested in either trial (data not shown). The sheath length of early developing leaves increased slightly (about half of all leaf Nos. 1-3 tested increased, half showed no trend) with decreasing 'P. Later developing leaves more clearly showed this trend, especially between (P treatments of 0.81 and 0.55 (Fig. 6) . These results are consistent with the results of Casal et al. (7) , who found that, although decreased v ratios increased sheath length of leaves in three species of grass, L. mudiflorum, S. indicuis, and P. dilitatum, only one of these species, L. multiflorum, increased lamina length in response to lower D.
Effect of Reduced (P on Haun Stage
A relationship between phytochrome and development rate has not been previously reported in grasses. In all three cultivars tested, reductions in (P resulted in a small, but consistent, increase in the rate of development (measured as Haun stage) over the range of (P values tested (F = 56.5, P = 0.0004, for trials 4 and 5). As with tillering, the main effect occurred between 'P treatments of 0.81 and 0.55 (P < 0.05, based on LSD, Student's t test), with a less pronounced effect between 'P = 0.55 and 0.33 (P < 0. 1, based on LSD, Student's t test). In trials 4 and 5, the increase in Haun stage in response to lower 'P was noticeable at day 16 (Fig. 7, B-C) . In trial 3, the effect was observable at day 20 (Fig. 7A) . Plants that increased in Haun stage in response to low (P treatments produced fewer tillers but just as much dry mass. These data, and those in Figure 4 , suggest that plants exposed to lower 'P may divert resources away from tillering to more rapid main culm development. Although the effects of blue light on wheat are the subject of a separate paper (in preparation), the possible complicating effects of blue light in the treatments being created in this study need to be addressed. We have found that wheat responds to increasing amounts of blue light by producing more tillers, provided the phytochrome balance ((P) is held constant. For example, we found that increasing the amount of blue light from 2 to 50 umol m-2 s-' increased tillering by 42% in wheat for two treatments in which 'P values were approximately equal ('P = 0.81 and 0.84). However, when 'P is reduced and the amount of blue light is increased, as in the two reduced 'P treatments in this study, these become competing or conflicting forces. The increasing blue light promotes more tillering in wheat, and the reduced 'P acts to inhibit the same response. Wheat appears to be more responsive to reductions in 'P than to the increased levels of blue light. Specifically, in the present study, there was a substantial reduction (>50%) in tillering associated with decreasing 'P from 0.81 to 0.33, even though the amount of blue light in the same treatments increased from 50 to 1 7 ,umol m-2 s-'. The response to reduced 'P thus apparently overwhelms the response to blue light. This may be because the effect of blue light is saturated at fairly low fluence rates. Wheeler et al (27) 
